Marek's disease virus serotype 1 (MDV-1) is an oncogenic alphaherpesvirus causing fatal T-cell lymphoma in chickens. MDV latency is characterized by the production of latency-associated transcripts (LATs), a family of non-protein-coding spliced RNAs. A cluster of four microRNAs (cluster mdv1-miR-M8-M10) was identified, but not formally mapped, at the predicted LAT 59 end. We established a LAT cDNA library from latently MDV-infected cell line MSB-1. We identified 22 highly variable LATs, which were due to the extensive alternative splicing of a total of 14 introns. RACE PCR confirmed the predicted 39 end and allowed identification of the 59 end, 400 nt upstream of the previously predicted LAT end. The LATs share their transcription start site with the microRNA-expressing transcript described previously, localizing the microRNAs to the first LAT intron and identifying the LATs as the primary transcripts of the microRNAs. We identified MDV immediate-early (IE) genes ICP4 and ICP27 as putative targets of mdv1-miR-M7-5p, the third microRNA of the cluster mdv1-miR-M8-M10. Endogenously expressed mdv1-miR-M7-5p in MSB-1 cells reduced luciferase activity significantly when microRNA-responsive elements from ICP4 or ICP27 were cloned in the 39 UTR of the firefly luciferase gene. ICP27 protein levels were decreased by 70 % when the mdv1-miR-M7-5p precursor was co-expressed with an ICP27 expression plasmid. Additionally, we showed a negative correlation between the decreased expression of mdv1-miR-M7-5p and an increase in ICP27 expression during virus reactivation. Our results suggest that, by targeting two IE genes, MDV microRNAs produced from LAT transcripts may contribute to establish and/or maintain latency.
INTRODUCTION
Marek's disease virus serotype 1 (MDV-1) is an alphaherpesvirus responsible for T-cell lymphoma in chickens. Its genome organization is similar to that of mardiviruses and simplexviruses: two unique sequences, unique long (U L ) and unique short (U S ), encoding the core genes, are enclosed by the inverted repeat sequences repeat short (R S ) and repeat long (R L ) (Tulman et al., 2000) (Fig. 1a) . As in all other herpesviruses, the life cycle of MDV is divided into a lytic and a latent phase, which is associated with oncogenesis in MDV (Schat & Nair, 2008) . The first genes expressed during herpesvirus lytic infection are the immediate-early (IE) genes, which control viral gene transcription, triggering a cascade of viral gene expression. In MDV, three genes homologous to the IE genes of other alphaherpesviruses have been identified: ICP4 (located in the R S region), ICP22 and ICP27 (UL54). MDV ICP4 and ICP22 have been described as transactivators (Kato et al., 2002; Pratt et al., 1994) , whereas MDV ICP27 has been shown to play a role in post-transcriptional gene regulation, by inhibiting both viral and host-cell splicing (Amor et al., 2011) , as also reported for other herpesvirus ICP27 homologues (Smith et al., 2005) .
As in other herpesviruses, the latency of MDV is characterized by the overexpression of a limited subset of specific viral genes, including the non-protein-coding latency-associated transcripts (LATs), which are expressed from the RS region and are antisense to the IE gene ICP4 (Baigent & Davison, 2004; Cantello et al., 1994 Cantello et al., , 1997 . The first transcripts of the MDV LAT family to be identified consisted of one large 10 kb unspliced RNA and two MDV small RNAs (MSRs) corresponding to five exons spanning 0.75-0.90 kb (Cantello et al., , 1997 . Various LATs generated by diverse alternative-splicing events have since been described in lymphoblastoid cell lines derived from MDV-induced lymphoma: a 2.7 kb spliced transcript covering the 59 end of the ICP4 gene in strain RPL1, and four 39-coterminal differentially spliced transcripts of 1.8, 2.2, 1.5 and 0.5 kb in the MKT1 strain (Li et al., 1994 (Li et al., , 1998 McKie et al., 1995) . The published MDV LATs have several splice-acceptor and -donor sites in common, facilitating assembly into one class of transcripts derived from the LAT gene ( Fig. 1a) (Cantello et al., , 1997 . The 59 and 39 ends of the LATs have not been mapped precisely (Cantello et al., 1997) . The 39 end has been predicted from the in silico identification of a poly(A) consensus signal common to the 10 kb transcript and almost all of the shortened spliced LATs (Cantello et al., , 1997 McKie et al., 1995) . Similarly, it has been suggested that the 59 end lies in close proximity to the end of the MSRs, where a consensus TATA box has been identified (26 nt upstream) as part of the potential LAT promoter (Burnside et al., 2006; Cantello et al., 1997) .
Several years after the first characterization of the LATs, a cluster of microRNAs (cluster mdv1-miR-M8-M10) was identified in the LAT region (Burnside et al., 2006) , mapping to the first intron of the MSR gene, with mdv1-miR-M8-5p located on the exon1/intron1 boundary ( Fig.  1a) (Burnside et al., 2006; Burnside & Morgan, 2007) . MicroRNAs are 21-23 nt non-coding RNAs involved in the post-transcriptional regulation of many genes by translational repression or degradation of target mRNAs (LagosQuintana et al., 2001; Krol et al., 2010) . Viral microRNAs were identified in several herpesviruses, including the alphaherpesviruses herpes simplex virus 1 and 2 (HSV-1 and -2), the betaherpesvirus human cytomegalovirus (HCMV), and the gammaherpesviruses Epstein-Barr virus (EBV) (Cai et al., 2005; Pfeffer et al., 2004 ), Kaposi's sarcoma-associated herpesvirus (KSHV) and murine gammaherpesvirus 68 (Cai et al., 2005; Cui et al., 2006; Pfeffer et al., 2005; Sullivan et al., 2005; Tang et al., 2009) . Despite the large number of microRNAs identified in viruses, very few of their targets have yet been identified and validated. Nevertheless, one of the emerging functions of herpesvirus microRNAs is to control the latent/lytic cycle balance by regulating viral or host-cell gene expression (Boss et al., 2009) , especially by the inhibition of viral IE genes (Murphy et al., 2008) .
We recently identified the promoter of a transcript expressing the microRNA cluster mdv1-miR-M8-M10, which was found .400 bp upstream of the previously proposed LAT 59 end in a 60 bp repeat region (Li et al., 1998; Stik et al., 2010) . The newly identified microRNA promoter is under the control of p53 and requires at least two 60 bp repeats to express the microRNAs (Stik et al., 2010) . We further showed that the promoter previously predicted on the basis of in silico analysis for the LAT MSR transcripts has no activity compared with the 60 bp repeat promoter (Stik et al., 2010) . In the light of these new data for the microRNA promoter, we aimed to examine the correlation between the microRNA-encoding transcript and the LATs. We cloned and sequenced a cDNA library of MDV LATs from MSB-1 cells latently infected with MDV and identified the extremities of the LAT sequence by RACE PCR. We also investigated the targeting of two viral IE genes by mdv1-miR-M7-5p, one of the microRNAs of the mdv1-miR-M8-M10 cluster encoded by the LATs.
RESULTS

Identification of four new exons completes the alternative splicing profile of LAT transcripts
Based on the assumption that the microRNA-encoding transcript and the LAT transcripts are the same, we constructed a LAT cDNA library from latently MDVinfected MSB-1 cells with a forward primer (M861) binding 58 nt downstream of the transcription start site (TSS) of the microRNAs (Stik et al., 2010) and a reverse primer (M569) binding to the predicted poly(A) signal McKie et al., 1995) (Fig. 1). A total of 48 clones were sequenced and aligned with the RB-1B genome (GenBank accession no. EF523390.1). The 48 clones generated 22 different types of transcript (T1-T22), all corresponding to alternatively spliced forms of the LAT gene (Fig. 1b) . The sequence data were submitted to GenBank, and accession numbers JQ723494-JQ723515 were assigned to the transcripts. The alternative splicing of 14 introns that separate the 15 exons of the LAT gene generated these newly identified transcripts. None of the Tel, Telomere sequences; 60R, 60 bp repeat sequences; TSS, transcription start site. Previously described LATs are shown below this representation. The source of the MDV cell lines is indicated on the left; asterisks denote common splice sites. Large black arrows indicate 39 extremities that remain to be identified; shaded boxes represent 59 extremities that are still undefined. The 1.8, 2.2, 0.5 and 1.5 kb cDNAs were identified by McKie et al. (1995) , the 2.7 kb cDNA was identified by Li et al. (1998) and the 10 kb and MSR transcripts were identified by Cantello et al. (1994) . Details of the predicted 59 ends of the MSR indicate the location of the mdv1-miR-M8-3p sequence, as described by Burnside et al. (2006) . (b) The LAT gene (top), with the 14 introns identified by grey lines and the 15 exons by squares (black squares indicate exons delimited by unique splice sites; grey squares indicate exons delimited by multiple alternative splice sites). A, Splice-acceptor site; D, splice-donor site. All alternative transcripts are shown below, with their length, the frequency with which they were found in parentheses, and the three groups identified by first intron type indicated on the left.
transcripts harboured all exons (the maximum number in any one transcript was 14 exons in T1). We identified four new exons in the 59-end region of several LATs: exon 1 was found in all transcripts, exons 2 and 3 were found in transcripts T1-T14, and exon 6 was present only in T1. All of the remaining 11 exons were analogous to those described previously (Fig. 1a) . In all LATs, the microRNA cluster mdv1-miR-M8-M10 mapped to the first intron. The size of this first intron depends on the usage of different splice-acceptor sites (A), whereas the donor site is invariable (D1). Based on this first intron, we defined three groups (Fig. 1) . The first group contained 14 transcripts (T1-T14) of between 1385 and 1882 nt in length. Their first intron linked exon 1 to exon 2 and was 1499 or 1515 nt long, depending on whether the A1a or A1b alternative 39 splice site was used (Fig. 1b, Table 1 ). The 14 transcripts of this group were highly variable, with each transcript identified only once. The second group consisted of seven types of transcript (T15-T21) with an invariable 5416 nt first intron, linking exon 1 to the unique A7 splice acceptor site of intron 7. The transcripts of this group were 911-1069 nt long, depending exclusively on the pattern of alternative splicing for introns 8-15, and were therefore less variable than those of group 1. The third group, in contrast, contained only one type of transcript (T22), with a length of 338 nt and an invariable first intron of 10 535 nt, linking exon 1 to exon 13 via the A13a acceptor site.
The 22 types of transcript defined resulted from unique combinations of multiple alternative-splicing events, including cassette exons (exons 4, 6, 11 and 13) and alternative 59 donor and 39 acceptor splice sites (Table 1 ). Up to three alternative donor or acceptor sites were identified for each splice site. The most illustrative example of this usage of alternative splice sites concerns intron 4, which can be excised from three different 59 splice-donor sites and two different 39 splice-acceptor sites (Table 1) . Most of the splice sites had consensus sequences. Indeed, only two of 22 39 splice-acceptor sites (A8b and A8c) did not have the consensus splice-site sequence (AG), but sequences CG and TG instead (Table 1) . However, these two acceptor sites were not the most frequently used (Table 1) . Similarly, only one of 18 59 splice-donor sites (D14a) had a non-consensus GC sequence rather than the consensus GT (Table 1) .
Finally, none of the 22 transcripts identified seemed to encode a protein of .100 aa. Moreover, none of the predicted ORF proteins shows significant sequence similarity to other proteins by PBLAST analysis.
LAT transcripts are expressed under control of the 60 bp repeat promoter
We next identified precisely the extremities of the LAT transcripts, by performing 39 and 59 RACE on mRNA from MSB-1 cells (Fig. 2) .
59 RACE was carried out with a primer (M713) binding close to the major acceptor site of the second LAT exon (A1a), thus targeting most of the group 1 transcripts. Twelve cDNAs were sequenced, and found to be spliced between exon 1 and exon 2. As expected, all transcripts were spliced via the conserved splice-donor site, D1 (Fig.  2a) . In total, 11 of 12 transcripts made use of spliceacceptor site A1a, the remaining transcript making use of a new non-consensus acceptor site A19 (gG) (located at nt 144 331, 5 nt upstream of A1a). The TSS identified for these transcripts was identical to that described previously for the microRNA-expressing transcript (Stik et al., 2010) .
It was found in a 50 nt region, with 41 nt covering the last block of the 60 bp repeats and 9 nt in close proximity. Most of the TSS were found in a sequence of 6 nt (142 732-142 737), as reported previously (Stik et al., 2010) (Fig. 2a) .
For 39 RACE, we used primers A35 and M856, binding to the 14th and 15th exons, which are the penultimate and final exons included in all 22 transcript types (Fig. 1b) . Six sequences were obtained with primer M856 binding to exon 15. Seven of the nine sequences obtained with primer A35 binding to exon 14 were unspliced (probably representative of the 10 kb LAT transcript), and two were spliced with splice-donor and -acceptor sites A14a and D14c, corresponding to transcripts T4 or T6 (Fig. 1b) . For all transcripts, we identified a single 39 end at position 153 800 of the RB-1B genome, 17 nt downstream of the predicted consensus poly(A) signal (AATAAA) (McKie et al., 1995) , which is included within exon 15, at position 153 778-153 783 (Fig. 2b) .
Overall, our results demonstrate that MDV LATs begin in or around the 60 bp repeat region, between nt 142 689 and 142 737, and end at nt 153 800 of the RB-1B genome, thus covering up to 11 112 nt (i.e. 84 %) of the RS region.
mdv1-miR-M7-5p, encoded by microRNA cluster mdv1-miR-M8-M10, targets IE genes ICP27 and ICP4
An internal BLAST search of the microRNAs of cluster mdv1-miR-M8-M10 showed antisense sequence similarities between mdv1-miR-M7-5p, the third microRNA of the cluster, and the C-terminal parts of the coding regions of the mRNAs for both ICP27 and ICP4, two IE genes of MDV. Two microRNA-responsive elements (miREs) were found in ICP27 and one in ICP4. The three miREs displayed extended matches beyond the seed region (nt 2-8) of the microRNA (Fig. 3) . In fact, miRE 1 of ICP27 matched the seed region and the first nucleotide, as well as eight additional matches to the 39 sequence of the microRNA. miRE 2 of ICP27 and the miRE found in ICP4 also matched 7 and 8 nt, respectively, outside the seed sequence.
We first investigated whether mdv1-miR-M7-5p inhibited production of the ICP27 protein, using expression plasmids and antibodies produced previously in our laboratory (Amor et al., 2011) . The DF-1 avian fibroblast cell line was cotransfected with the pcICP27 expression plasmid and pcDNA vectors expressing either mdv1-miR-M7 or, as a negative control, mdv1-miR-M4, a microRNA expressed from the MDV-1 RL region . The efficient expression of the transfected microRNAs was controlled by quantitative PCR (q-PCR; Fig. S1 , available in JGV Online). As shown after immunodetection with anti-ICP27 antibodies, mdv1-miR-M7-5p decreased ICP27 protein isoform levels by 70 % (mean from three independent experiments) with respect to the negative control mdv1-miR-M4, demonstrating the efficient inhibition of ICP27 protein production by mdv1-miR-M7-5p (Fig. 4a) . By semiquantitative RT-PCR, we could show that mdv1-miR-M7-5p had only a limited effect on ICP27 mRNA (220 %) (Fig.  4b) , indicating that mdv1-miR-M7-5p induces a posttranscriptional downregulation predominantly by inhibition of translation.
We next investigated, in a luciferase reporter assay, the effect of endogenous mdv1-miR-M7-5p expressed in the MSB-1 cell line (Yao et al., 2008) on both ICP27 miREs and the predicted target site located in the ICP4 gene (Fig. 4c) . For that purpose, the wild-type (wt) and mutant complementary (m) sites were inserted into the 39 UTR of the Renilla luciferase gene in the reporter vector (Figs 3 and 4c) . For ICP27, both miREs were mutated separately or in association. The inserted sequences covering the miREs were 748 nt long for ICP27 and 496 nt long for ICP4. As a positive control, we used a reporter vector harbouring the UL28 miRE of mdv1-miR-M4, which is also expressed endogenously in MSB-1 cells ).
All wt constructs tested displayed much lower levels of luciferase activity than the corresponding mutants, indicating that luciferase expression was inhibited by the presence of the corresponding miREs in the 39 UTR of the luciferase transcript by mdv1-miR-M7-5p. Total RNA from DF-1 cells transfected as described under (a) was amplified by RT-PCR and ICP27 transcript levels were calculated relative to those of GAPDH. The reported values are expressed relative to that for mdv1-miR-M4 negative control, set to 1. Error bars indicate SEM for three independent transfections. The asterisk denotes a significant difference (P,0.05) between cells transfected with pcDNA-mdv1-miR-M7 and pcDNA-mdv1-miR-M4. (c) Effect of endogenous mdv1-miR-M7-5p on ICP27 and ICP4 viral targets. wt and mutated (m) (see Fig. 3 ) targets from ICP27, ICP4 or positive control UL28 (targeted by mdv1-miR-M4-5p) inserted into the 39 UTR of the Renilla luciferase reporter gene were used to transfect the MSB-1 cell line, which naturally expresses mdv1-miR-M7-5p and mdv1-miR-M4-5p. The histogram shows relative luciferase activity normalized with respect to the activity of the mutated target. Error bars indicate SEM for triplicate experiments. Asterisks denote a significant difference (P,0.05) between the wt and corresponding mutant constructs.
( Fig. 4c) . As reported previously, the wt UL28 miRE targeted by mdv1-miR-M4 decreased luciferase activity by 70 %.
Likewise, the wt ICP4 miRE decreased luciferase activity significantly (250 %; P,0.05), indicating that the predicted miRE in the ICP4 mRNA is targeted efficiently by mdv1-miR-M7-5p. For ICP27, luciferase activity was significantly lower (235 %; P,0.05) for the wt construct than for the double mutant. Each miRE mutated separately had no significant effect on luciferase levels, indicating that both miREs are required for an efficient targeting by endogenous mdv1-miR-M7-5p in MSB-1 cells. For ICP27, we noticed that the decrease in luciferase activity was lower than the decrease in protein expression. This phenomenon, as observed previously for other targets Tay et al., 2008) , may be due to the fact that an miRE functions preferentially in its natural context (i.e. when localized in the proteins' coding sequence).
In order to investigate ICP27 regulation by mdv1-miR-M7-5p in the context of virus infection, MSB-1 cells were reactivated with sodium n-butyrate, which led to a visible increase in the number of ICP27-positive cells (Fig. 5a ). This was reflected in the transcript levels of ICP27 and viral capsid protein VP5, which were augmented 4-fold and 3.6-fold, respectively (Fig. 5b) . In the same cells, mdv1-miR-M7-5p was downregulated 3.4-fold, indicating a negative correlation between the expression of the microRNA and its target during lytic as well as latent infection.
DISCUSSION
In this study, we updated findings for the MDV-1 LAT transcript and further characterized the microRNA cluster mdv1-miR-M8-M10, which is located in the LAT region.
Since the discovery of the microRNA cluster in 2006, the LAT transcripts were considered as their primary transcripts (Burnside et al., 2006) . However, the LAT 59 end, to which the microRNAs were mapped, was not precisely defined (Cantello et al., 1997) and the link between the LATs and the microRNAs was never formally demonstrated. In 2010, we characterized the promoter and the TSS of the microRNA-encoding transcript and showed that they were located downstream of the telomeric sequences, but .400 bp upstream of the previously predicted 59 end of the LAT (Stik et al., 2010) . We show here by 59 RACE PCR that spliced LATs are initiated from the same TSS as the microRNA-encoding transcript. We therefore confirm that the LATs and the microRNA-expressing transcript are one and the same and that the LAT transcripts are the primary transcripts from which the microRNAs are excised. The results of 59 and 39 RACE showed that the unspliced MDV LAT transcript begins in the 60 bp repeats and ends 17 nt upstream of the predicted poly(A) signal, consequently measuring up to 11 112 nt, rather than 10 000 nt as previously predicted (Cantello et al., 1997; McKie et al., 1995) .
By constructing and sequencing a LAT cDNA library, we identified a total of 15 exons in the highly spliced LAT gene, 11 of which corresponded to previously described exons ( Fig. 1) (Cantello et al., 1997; Li et al., 1994; McKie et al., 1995) . Three of the newly identified exons (exons 1-3) extended the 59 extremity of the previously described 1.8 kb LAT transcript (McKie et al., 1995) . This finding is consistent with the original characterization of the 1.8 kb transcript on Northern blots that detected bands .1.8 kb, suggesting that the sequenced 1.8 kb transcript was not full length (McKie et al., 1995) . Remarkably, we detected neither transcripts including the last two exons of the MSB-1 cells were treated with 3 mM sodium n-butyrate for 48 h and ICP27 protein was stained using polyclonal a-ICP27 antibodies as primary antibody and a-rabbit Alexa 594 as secondary antibody (bottom). Cell nuclei were stained with Hoechst (top). (b) Expression changes of ICP27 and mdv1-miR-M7-5p during MSB-1 reactivation. MSB-1 cells were treated with 3 mM sodium n-butyrate for 48 h and changes in expression levels of ICP27, VP5 and mdv1-miR-M7-5p were measured via q-PCR with the miScript PCR System (Qiagen).
Relative changes in expression levels were determined with the DDC t method, with U6 as reference gene for mdv1-miR-M7-5p and GAPDH for ICP27 and VP5. Error bars indicate SEM for three experiments in triplicate.
previously described 2.7 kb LAT transcript (Li et al., 1994) nor transcripts including the predicted first exon of the LAT MSR (Cantello et al., 1997) , even when specific primers binding to the first exon of MSR were used (data not shown). As MSR have several exons in common with the other LATs, they probably belong to the LAT family and may result from another alternative-splicing event, possibly dependent on the cell line or the state of the cell (latency/ reactivation). Given the great variability of LAT transcripts, we think it most likely that other LAT transcripts exist.
The identification of three new exons at the 59 extremity of the LAT transcripts also made it possible to localize the mdv1-miR-M8-M10 microRNA cluster to the first intron of the LAT, the size of which varied (between 1499 and 10 535 bp) according to the alternative-splicing events involved. The microRNAs of MDV are distributed between two genomic regions: one in the RL region encompassing nine microRNAs and the other, cluster mdv1-miR-M8-M10, corresponding to the LAT gene associated with latency and located in the RS region. The location of microRNAs in latency-associated regions appears to be a common feature of herpesviruses. For instance, EBV, a human gammaherpesvirus, harbours two clusters of microRNAs, one of which is located in a latency-associated region encoding the BHRF1, EBNA-LP and EBNA 2 proteins (Grundhoff et al., 2006; Murphy et al., 2008) . Similarly, KSHV expresses microRNAs from a latencyassociated region encoding the viral protein kaposin (Cai & Cullen, 2006) . In the alphaherpesviruses HSV-1 and -2, microRNAs are encoded by sequences close to or within the equivalent of the LAT locus of MDV (Jurak et al., 2010) , and recently identified microRNAs in pseudorabies virus (PRV) are transcribed from the large latency transcript of PRV (Anselmo et al., 2011) . Finally, two other avian alphaherpesviruses, MDV-2 and infectious laryngotracheitis virus (ILTV), encode microRNAs with a location similar to that of the mdv1-miR-M8-M10 cluster, although no sequence similarity was observed between the two clusters (Waidner et al., 2011) . In addition, intronic microRNAs have also frequently been found in other herpesviruses, such as KSHV and EBV (Burnside et al., 2006; Cai & Cullen, 2006; Pfeffer et al., 2004) . This is consistent with cellular findings for microRNAs, showing that although microRNAs can be transcribed from mono-or polycistronic, intergenic, intronic or, rarely, exonic regions of the genome (Olena & Patton, 2010) , most microRNAs are transcribed from intronic regions (Kim & Kim, 2007) .
In this study we identified the two IE genes ICP4 and ICP27 as potential targets for mdv1-miR7-M7-5p by bioinformatic prediction and subsequent experimental validation. Consistent with this finding, it has been suggested that viral latency-associated microRNAs are often involved in controlling IE gene expression (Murphy et al., 2008) . Indeed, one microRNA of betaherpesvirus HCMV targets the IE1 gene (Grey et al., 2007; Murphy et al., 2008) and, in the gammaherpesviruses EBV and KSHV, the major IE transcription activator, RTA, is targeted directly or indirectly by viral microRNAs (Bellare & Ganem, 2009; Iizasa et al., 2010; Lu et al., 2010) . Interestingly, an ICP27 homologue of gammaherpesvirus KSHV, ORF57, has recently been shown to be downregulated by the microRNA miR-K5 (Lin & Ganem, 2011) . Thus, ICP27 homologues have now been shown to be targeted by microRNAs in two different herpesvirus subfamilies: Alphaherpesvirinae and Gammaherpesvirinae. The IE gene ICP4 is specific to alphaherpesviruses and is known to be a crucial IE transactivator playing a key role in the transcription of early and late viral genes (Preston & Garland, 1979) . With the identification of MDV ICP4 as a potential target of mdv1-miR-M7-5p, three alphaherpesviruses of different genera have now been shown to display such regulation: HSV, ILTV and MDV, representing the genera Simplexvirus, Iltovirus and Mardivirus, respectively (Umbach et al., 2008; Waidner et al., 2011) .
Finally, another common feature of herpesvirus microRNAs now emerging is their ability to regulate targets via miREs in their coding region rather than at classical 39 UTR locations. This is the case for all identified targets in MDV: ICP27 and ICP4 (this study), and UL28 and UL32, which are targeted by mdv1-miR-M4 . The same pattern is observed for targeting of the ICP27 orthologue in KSHV and ICP4-targeting in HSV (Lin & Ganem, 2011; Umbach et al., 2008) . For cellular microRNAs, only a small number of targets have been localized in coding regions, suggesting possible interference of the translation process with the RNA-induced silencing complex, or RISC, thereby limiting the repression of target genes (Lin & Ganem, 2011) . Nonetheless, recent HITS-CLIP (high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation) analyses, corresponding to Argonaute immunoprecipitation followed by deep sequencing of the precipitated products, have suggested that the number of target sites in ORFs may be underestimated (Chi et al., 2009) . In contrast to eukaryotic cells, herpesviruses possess comparably small genomes with high coding-region content and, in some cases, overlapping coding regions. They may therefore be a useful system for studying this emerging class of microRNA targets within coding regions.
In conclusion, our results demonstrate that the mdv1-miR-M8-M10 microRNA cluster is located within the first intron of the LAT gene, the expression of which is controlled by a p53-dependent 60 bp repeat promoter. We also identified the IE genes ICP4 and ICP27 as potential targets of mdv1-miR-M7-5p. These findings demonstrate a number of features common to different herpesvirus microRNAs, widening the list of IE gene targets and providing support for the hypothesis that herpesvirus microRNAs play a key role in controlling the switch between viral lytic and latent infection (Boss et al., 2009; Murphy et al., 2008) . Stik et al., 2010) and M569, which binds the poly(A) signal at the predicted 39 end McKie et al., 1995) (Table S1 ). Whole PCR products were inserted into pGEM-T Easy vector (Promega), sequenced by GATC Biotech and aligned with the genome of RB-1B (GenBank accession no. EF523390.1).
METHODS
5 § and 3 § RACE analysis. cDNA ends were amplified from MSB-1 total RNA with a GeneRacer kit (Invitrogen), using primers M713, M856 and A35 (Table S1 ). PCR products were inserted into pGEM-T Easy (Promega) and sequenced by GATC Biotech.
Target prediction. microRNA targets were identified by BLAST analysis with the accessory application 'local BLAST' available from BioEdit version 7.0.5 sequence alignment software, as described previously .
Luciferase reporter constructs. The predicted target sites were amplified by PCR from the bacmid RB-1B (Petherbridge et al., 2004;  kindly provided by Venugopal Nair, Institute for Animal Health, Compton, UK), with primer pairs introducing XbaI restriction sites (Table S1 ). The mutant sites were generated by site-directed mutagenesis, as described previously (Fragnet et al., 2005) . XbaIdigested PCR products were inserted into the 39 UTR of the Renilla luciferase gene in the pRL-TK vector (Promega). All plasmids were purified with a NucleoBond Xtra Midi kit (Macherey-Nagel), and inserts were fully sequenced (MWG-Biotech).
Luciferase reporter assays in MSB-1. One million MSB-1 cells were transfected with 2 mg pRL-TK Renilla luciferase reporter construct and 60 ng control vector pcDNAMLuc in a Nucleofector II device (Amaxa Biosystems), program X-001, Nucleofector kit T (Amaxa Biosystems). Luciferase activity was quantified 24 h after electroporation with the Dual-Luciferase Reporter Assay System (Promega) and a Mithras LB940 luminometer (Berthold Technologies). Each experiment was carried out three times, in triplicate. Student's t-test was used for statistical analysis; P,0.05 was considered significant.
Quantification by q-PCR. MicroRNA expression levels in DF-1 cells transfected with either mdv1-miR-M7-5p or mdv1-miR-M4-5p were quantified as described by Raymond et al. (2005) . One microgram of total RNA was reverse-transcribed in a total volume of 20 ml, and q-PCR measurements were carried out in triplicate on 1 ml sample cDNA in a final reaction volume of 10 ml with Power SYBR Green PCR Master Mix (Applied Biosystems). Standard curves were established by triplicate measurements of dilutions (100 pM to 10 fM) of synthetic oligonucleotides qmiR4 and qmiR7 (Eurogentec; see Table S1 ). To quantify both ICP27 and VP5 mRNA and mdv1-miR-M7-5p expression levels via the DDC t method, the miScript PCR System (Qiagen) was used. One microgram of total RNA was reversetranscribed in a total volume of 20 ml, and 2 ml was used for q-PCR as indicated by the manufacturer. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; primers shown in Table S1 ) and U6 (miScript; Qiagen) were used as reference genes. All q-PCRs were performed on the StepOnePlus Real-time PCR System (Applied Biosystems) following the conditions recommended by the manufacturer, and dissociation curves were generated post-run.
Detection of ICP27 protein after transient microRNA expression. Adherent DF-1 cells, plated in six-well dishes at a density of 5610 5 cells per well, were cotransfected in the presence of Lipofectamine 2000 (Invitrogen) with 500 ng pcDNA-ICP27 (Amor et al., 2011) and 25 mg pcDNA-mdv1-miR-M7 or pcDNA-mdv1-miR-M4 . Cells were lysed 14 h after transfection, and proteins were separated electrophoretically before blotting onto nitrocellulose membranes as described previously (Amor et al., 2011) . ICP27 protein was detected with a rabbit polyclonal anti-ICP27 antibody (Amor et al., 2011) and an HRP-conjugated mouse anti-rabbit secondary antibody (Pierce Chemical Co.). As a loading control, membranes were probed with a monoclonal mouse anti-GAPDH primary antibody (Millipore) and an HRP-conjugated antimouse secondary antibody (Pierce Chemical Co.). Peroxidase activity was detected with SuperSignal West Femto Substrate (Thermo Scientific). ICP27 signal intensities relative to the GAPDH loading control were calculated with Adobe Photoshop 6 software.
Reactivation of MSB1 cells. Virus replication was induced by the treatment of cells in the exponential phase of growth with 3 mM sodium n-butyrate (Sigma) for 48 h.
Immunofluorescence. MSB-1 cells reactivated with n-butyrate were Cytospin-spotted (Shandon, Thermo Scientific) and ICP27 proteins were detected using specific antibodies as described previously (Amor et al., 2011) .
